Geraniol (GOH), a special type of acyclic monoterpene alcohol, has been widely used to treat many diseases associated with inflammation and apoptosis. Acute lung injury (ALI) is a common clinical disease in humans characterized by pulmonary inflammation and apoptosis. In the present study, we investigated the protective effects of GOH in a mouse model of ALI induced by the intranasal administration of lipopolysaccharide (LPS) and elucidated the underlying molecular mechanisms in RAW 264.7 cells. In vivo, GOH treatment markedly ameliorated pathological injury and pulmonary cell apoptosis and reduced the wet/dry (W/D) weight ratio of lungs, myeloperoxidase (MPO) activity and the production of pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α). In vitro, the levels of pro-inflammatory cytokines, iNOS and COX-2 were significantly increased in LPS-stimulated RAW 264.7 cells, an effect that was decreased by GOH treatment. Moreover, GOH treatment dramatically reduced the expression of Toll-like receptor 4 (TLR4) and then prevented the nuclear factor-κB (NF-κB) activation. GOH treatment also promoted anti-apoptotic Bcl-2 expression and inhibited pro-apoptotic Bax and Caspase-3 expression. Furthermore, knockdown of TLR4 expression exerted a similar effect and inhibited the phosphorylation of p65, as well as the Bax and Caspase-3 expression. Taken together, these results suggest that GOH treatment alleviates LPS-induced ALI via inhibiting pulmonary inflammation and apoptosis, a finding that might be associated with the inhibition of TLR4-mediated NF-κB and Bcl-2/Bax signalling pathways.
INTRODUCTION
Acute respiratory distress syndrome (ARDS), one of the severe complications of acute lung injury (ALI), remains a major cause of morbidity and mortality in critically ill patients with ALI [1] [2] [3] . ALI and ARDS are characterized by an acute pulmonary inflammatory response and are associated with various clinical disorders, such as pneumonia, interstitial oedema and sepsis [4] . The pathogenesis of ALI/ARDS mainly involves exaggerated pulmonary inflammation, ultimately leading to an impairment of the alveolar-capillary barrier and deterioration of gas exchange [5, 6] . Moreover, apoptosis is another critical factor of ALI and plays a vital role in the development of ALI [7, 8] .
Various inflammatory stimuli produced by pathogenic microorganisms have been generally recognized for their ability to cause pulmonary inflammation [9, 10] . Lipopolysaccharide (LPS), a major biologically active component of the Gramnegative bacterial cell wall, plays a crucial role in lung inflammation, and the intranasal administration of LPS has long been widely used to induce pulmonary inflammation in a mouse model of ALI [11] [12] [13] . Additionally, LPS can also activate pro-apoptotic signals in many different types of cells, including macrophages, epithelial cells and endothelial cells [14] [15] [16] . Toll-like receptor 4 (TLR4), a main receptor of LPS, is involved in the initiation and acceleration of inflammatory responses induced by LPS and can induce pro-apoptotic pathways that lead to cell death [16, 17] .
Geraniol (GOH; Figure 1A ), a type of acyclic monoterpene alcohol, is a monomer mainly extracted from the essential oils of lemon, rose, ginger, orange, among others [18] . Some research results concerning the pharmacological activities of GOH have shown that it possesses anti-inflammatory [19] , anti-apoptotic [20] and anti-tumoural properties [21] . Whether GOH has antiinflammatory and anti-apoptotic effects in LPS-induced ALI, however, remains unclear. Therefore, the present study was designed to investigate whether GOH attenuates ALI induced by LPS through the down-regulation of pulmonary inflammation and apoptosis and illustrate the underlying mechanisms.
RESULTS

In vivo study GOH treatment attenuates LPS-induced lung injury in mice
The morphology of the lungs from each group was observed ( Figure 2A) . Next, the effects of GOH on lung histopathology were determined using H&E staining. As shown in Figure 2 , the lungs of mice exposed to LPS showed significant lung injury characterized by pulmonary oedema, inflammatory cell infiltration and alveolar damage ( Figure 2C ). However, GOH treatment significantly improved lung injury ( Figure 2D-2F ). There were no obvious pathological changes in the control group ( Figure 2B ). In addition, LPS-challenged mice have a dramatic increase in the lung wet/dry (W/D) weight ratio relative to the control group that was reduced by GOH treatment ( Figure 2G ).
GOH treatment decreases LPS-induced myeloperoxidase (MPO) activity
To assess the neutrophil infiltration in the lung tissues, we measured the lung MPO activity. As Figure 3A shows, LPS significantly increased the MPO activity in the lung tissues compared with that in the control group. GOH treatment obviously inhibited the increased MPO activity induced by LPS. 
GOH treatment downregulates the production of inflammatory cytokines in tissues
The expression of the inflammatory cytokines (IL-1β, IL-6, and TNF-α) in tissues was determined using the qPCR assay. As shown in Figure 3B , we found that the expression of IL-1β, IL-6, and TNF-α was significantly increased in the LPS group. By contrast, GOH treatment dose dependently downregulated the expression of these cytokines. These results indicated that GOH treatment may inhibit pulmonary inflammation in mice.
GOH treatment ameliorates the apoptosis in LPS-induced ALI
In the study, we also investigated the antiapoptotic effect of GOH in LPS-induced ALI by the TUNEL assay. Numerous apoptotic cells appeared in the lung tissues of LPS-challenged mice. In the GOH treatment groups, however, a few of the lung cells were positive for TUNEL staining ( Figure 4 ). These results indicated that GOH treatment may alleviate lung cell apoptosis in mice.
In vitro study
Effect of GOH treatment on cell viability
To investigate whether GOH was cytotoxic to RAW 264.7 cells, we first examined its effects on cell viability by the MTT assay. These results demonstrated that the cell viability was not affected by GOH treatment ( Figure 5 ).
GOH treatment downregulates the production of inflammatory cytokines in RAW 264.7 cells
In vivo experiments implicated that GOH may have a potential anti-inflammatory effect. To confirm the results, the levels of TNF-α, IL-1β, and IL-6 in cells were determined by qPCR and ELISA. These results showed that the expression of TNF-α, IL-1β and IL-6 was dramatically increased after LPS stimulation. By contrast, GOH treatment dose dependently reduced these increases ( Figure 6A and 6B).
GOH treatment reduces the production of iNOS and COX-2 in RAW 264.7 cells
The inflammatory mediators iNOS and COX-2 reflect the state of inflammation and are often used to evaluate the severity of inflammation [22] . As shown in Figure 7 , stimulation with LPS led to a significant increase in iNOS and COX-2 expression. However, the expression of iNOS and COX-2 was downregulated by GOH treatment. These results suggest that GOH plays an antiinflammatory role in LPS-stimulated RAW 264.7 cells.
GOH treatment decreases the expression of TLR4 in RAW 264.7 cells
To detect whether GOH could affect TLR4, the expression of TLR4 in LPS-stimulated RAW 264.7 cells was measured using qPCR and western blotting. As shown in Figure 8A and 8B, the expression of TLR4 induced by LPS was significantly inhibited by GOH treatment.
GOH treatment inhibits LPS-induced activation of the NF-κB pathway in RAW 264.7 cells
NF-κB is a pivotal nuclear transcription factor in the inflammatory process and can be activated by TLR4 [23, 24] . To further explore the anti-inflammatory mechanisms of GOH, we assessed the activation of the NF-κB pathway in LPS-stimulated RAW 264.7 cells. In the LPS group, LPS significantly induced phosphorylation of the p65 and IκBα proteins. However, the levels of phosphorylated p65 and IκBα were markedly reduced by GOH treatment ( Figure 9 ). Moreover, further experiments were performed to evaluate the nuclear translocation of NF-κB p65 using immunofluorescence staining. As shown in Figure 10 , LPS exposure led to the translocation of the NF-κB p65 from the cytosol to the nucleus. However, GOH treatment effectively suppressed NF-κB p65 nuclear translocation.
GOH treatment prevents LPS-induced apoptosis in RAW 264.7 cells
In vivo experiments also implied that GOH may possess a potential anti-apoptotic effect. To confirm this hypothesis, a TUNEL assay was used to detect whether GOH exhibited an anti-apoptotic effect in LPS-stimulated RAW 264.7 cells, and the results showed that the number of TUNEL-positive cells was significantly increased by LPS stimulation and was remarkably decreased by GOH treatment ( Figure 11A ). The anti-apoptotic effect of GOH was further confirmed by flow cytometry ( Figure 11B ). Flow cytometry results indicated that LPS obviously induced apoptosis, while GOH significantly reduced the percentage of apoptotic cells ( Figure 11C ).
GOH treatment reduces the expression of apoptosis-related proteins in RAW 264.7 cells
Bcl-2, Bax and Caspase-3 are closely related to apoptosis [25, 26] . As shown in Figure 12 , the LPS group displayed a high expression of Bax and cleaved Caspase-3 proteins compared with that in the control group. Additionally, their expression was reduced in the GOH treatment groups. Instead, the level of Bcl-2 protein was significantly downregulated in the LPS group. Additionally, its level was increased by GOH treatment in a concentration-dependent manner. These results indicated that GOH also plays an anti-apoptotic role in LPS-stimulated RAW 264.7 cells.
The effects of GOH are mediated through TLR4
Additionally, to further confirm whether the antiinflammatory and anti-apoptotic effects of GOH were mediated through TLR4, a specific siRNA of TLR4 (si-TLR4) was used to knockdown TLR4 expression, and then, the phosphorylation of p65, as well as the Bax and Caspase-3 levels in RAW 264.7 cells, were measured by western blotting. As shown in Figure 13 , LPS-induced phosphorylation of p65 was decreased by si-TLR4 and GOH (100 μg/mL), and the high expression of Bax and Caspase-3 induced by LPS was also subsequently reduced. The above results indicated that the anti-inflammatory and anti-apoptotic effects of GOH are mediated through TLR4.
DISCUSSION
ALI, which is mainly characterized by pulmonary inflammation and apoptosis, is a common clinical disease in humans [8] , and the mortality rate remains high at approximately 30-50% [27] . GOH, a special type of acyclic monoterpene alcohol, has been widely used to treat many diseases related to inflammation, including dextran sulfate sodium (DSS)-induced colitis in mice [28] . Moreover, GOH has been shown to inhibit cell apoptosis in traumatic spinal cord injury (SCI) [29] . In our study, a mouse model of ALI was successfully established by the intranasal administration of LPS, and we investigated the anti-inflammatory and anti-apoptotic effects of GOH on LPS-induced ALI in mice.
In the present study, the histological results showed that exposure to LPS caused serious pathological lesions, which were alleviated by GOH treatment. Additionally, we measured the lung W/D weight ratio to quantify the degree of pulmonary oedema. We observed that GOH attenuates the development of pulmonary oedema, as determined by the notable reduction in the lung W/D weight ratio. MPO is an enzyme stored in the cytoplasmic granules of neutrophils, and its activity reflects the infiltration of neutrophils into lung tissues [30] . As expected, GOH significantly decreased the activity of MPO induced by LPS, indicating that GOH could suppress neutrophil recruitment in lung tissues.
A complicated network of inflammatory cytokines, including TNF-α, IL-1β, and IL-6, plays a vital part in LPS-induced ALI and promotes the severity of lung damage [31] . Meanwhile, these cytokines also contribute to the production of various chemokines and promote the massive recruitment of neutrophils, ultimately leading to a sharp increase in MPO activity. Macrophages are an important class of immune cells, and RAW 264.7 murine macrophages have been widely employed to mimic the inflammatory response in ALI in vitro; thus, we explored the effects of GOH on LPS-stimulated RAW264.7 cells. In this study, we found that GOH significantly downregulated the levels of TNF-α, IL-1β, and IL-6 after LPS challenge, a finding that is consistent with the MPO results. In addition, the expression of other inflammatory mediators iNOS and COX-2 was also reduced by GOH treatment. All the above results demonstrated that GOH suppresses LPSinduced inflammation through decreasing the production of inflammatory mediators.
It is well-known that the innate immune system recognizes invasive pathogens through the activation of a series of pattern recognition receptors (PRRs) [32] . TLR4, one of the important PRRs, plays a critical role in the innate immune response against bacterial infections. Once stimulated by LPS, TLR4 interacts with its adaptor proteins, ultimately resulting in the activation of NF-κB. NF-κB is an important nuclear transcription factor that regulates various genes involved in inflammatory responses and cell survival. The activation of NF-κB involves the phosphorylation of IκBs. Once IκBα is phosphorylated, free NF-κB p65 translocates to the nucleus, and then induces the transcription of proinflammatory cytokines [33] . The present results show that GOH decreases the expression of TLR4, as well as the phosphorylation of NF-κB p65 and IκBα in LPSstimulated RAW 264.7 cells. It has been well established that an exaggerated inflammatory response is widely demonstrated to cause apoptosis, which plays a critical role in the pathological process of inflammatory diseases [34] . The infiltration and accumulation of inflammatory cells in the alveolar cavity has been reported to contribute to apoptosis and necrosis of pulmonary cells [35, 36] . Additionally, cell apoptosis was also regarded as an important component of lung injury, and the inhibition of apoptosis was demonstrated to potentially reduce ARDS morbidity [37] . In the present study, we first evaluated the anti-apoptotic effects of GOH in vivo using the TUNEL assay, and the results indicated that GOH treatment alleviates lung cell apoptosis in vivo. Subsequently, we also performed the TUNEL assay in LPS-stimulated RAW 264.7 cells. The results displayed a substantial reduction of apoptotic cells after GOH administration that was further supported by flow cytometry.
TLR4 is not only involved in an LPS-induced inflammatory response but also triggers downstream apoptotic pathways, such as Bax, Bcl-2, and Caspase-3 [25] . Bax is a pro-apoptotic member and has been reported to promote cytochrome c release and induce the activation of the downstream caspase family through the intrinsic death pathway [38] . By contrast, Bcl-2 is the best characterized anti-apoptotic protein and can inhibit the release of cytochrome c and cell death [39] . In our study, GOH decreased the protein level of Bax and increased the protein level of Bcl-2, resulting in a reduction in the ratio of Bax to Bcl-2, and ultimately attenuating aopotosis. Caspase-3 normally exists in the cytoplasm in an inactive form. When cells undergo apoptosis, Caspase-3 is activated proteolytically into cleaved Caspase-3, a biomarker of apoptotic activity. Our results also found that GOH significantly blocked the cleavage of Caspase-3 in LPS-stimulated RAW 264.7 cells. Furthermore, we confirmed the role of TLR4 using si-TLR4; the results were identical to GOH treatment (100 μg/mL) and suggested that the anti-inflammatory and anti-apoptotic effects of GOH are mediated through TLR4.
In summary, GOH treatment alleviated LPS-induced acute lung injury by suppressing pulmonary inflammation and apoptosis. The possible mechanisms for the protective role of GOH in LPS-induced ALI are associated with the inhibition of TLR4-mediated NF-κB and Bcl-2/Bax signalling pathways.
MATERIALS AND METHODS
Animals and reagents
Male BALB/c mice weighing 25 to 30 g were purchased from the Wuhan Institute of Biological Products Co Ltd. (Wuhan, China). All animals were housed in a specific pathogen-free room at 25 °C under a 12-h lightdark cycle and received food and water ad libitum. All experimental procedures were performed in accordance with the US NIH guidelines for the care and use of laboratory animals and were approved by the Ethical Committee on Animal Research at Huazhong Agricultural University.
LPS (Escherichia coli 055:B5) was obtained from Sigma Chemical Co. (St. Louis, MO, USA). GOH was purchased from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). The myeloperoxidase (MPO) determination kits were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). All the antibodies were obtained from Cell Signalling Technology (Beverly, MA, USA). Other chemicals were of reagent grade. 
High-performance liquid chromatography (HPLC)
The purity of GOH was measured by HPLC ( Figure 1B) . The experiment was carried out using an EChrom2000 DAD data system (Elite, Dalian, China) as described previously.
Mouse model of LPS-induced ALI
The method for establishing the LPS-induced ALI model was performed as previously described [40, 41] . Briefly, mice were slightly anaesthetised with an intraperitoneal injection of pentobarbital sodium, and then 50 μL of LPS (1 μg/μL) was instilled intranasally to induce lung injury. Control mice were intranasally administered 50 μL of sterile phosphate-buffered saline (PBS). 24 h after inducing infection, the mice in the GOH groups were intraperitoneally injected with 12.5, 25, and 50 mg/kg GOH three times at 0, 6, 12 h. The doses of GOH used in the study were established based on previous studies [42] and our preliminary experiments. The mice were euthanized by CO 2 inhalation at 18 h (6 h after the last treatment with GOH), and the lung tissues were harvested and stored at -80 °C for subsequent analysis.
Histological analysis
To evaluate the histological alterations, lung tissues were fixed with 10% buffered formalin for 24 h, embedded in paraffin, and sectioned at 4-μm thickness. After deparaffinization and dehydration, the sections were stained with haematoxylin and eosin (H&E) using standard histological techniques and then were observed by light microscopy (Olympus, Japan).
Measurement of the W/D weight ratio
To quantify the degree of pulmonary oedema, we measured the W/D weight ratio of lung tissues. The wet lung was harvested and weighed to obtain the wet weight. Next, the lung was dried at 80°C for 48 h to obtain the dry weight. The ratio of the W/D weight was calculated by dividing the wet weight by the dry weight.
MPO activity assay
MPO activity was defined as the quantity of enzyme degrading 1 μmol of peroxide/minute at 37°C [43] . Lung tissues were homogenized with reaction buffer (w/v 1/9), and the MPO activity was measured using an MPO determination kit following the manufacturer's instructions.
Cell culture and treatment
RAW 264.7 cells were obtained from the American Type Culture Collection (ATCC TIB-71™). The cells were cultured in DMEM/F12 supplemented with 10% FBS and were incubated at 37 °C and 5% CO 2 . The cells were pretreated with GOH (25, 50, or 100 μg/mL) for 1 h and then were stimulated with LPS (1 μg/mL) for 6 h. Untreated cells served as a control.
Cell viability assay
RAW 264.7 cells were plated at a density of 1 × 10 5 cells/mL in 96-well plates at 37 °C. 1 h later, the cells were treated with GOH at the dose of 25, 50, or 100 μg/mL and then were cultured for 24 h. Subsequently, the cell viability was examined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. Finally, the optical density (OD) was read at 570 nm using a microplate reader (Bio-Rad Instruments, Hercules, CA, USA).
ELISA assay
The effects of GOH on the expression of LPSinduced pro-inflammatory cytokines were measured in tissues and cells. The supernatants of the cells with different treatments were harvested. The protein levels of TNF-α, IL-1β and IL-6 in the supernatants were detected using ELISA kits (Bio-Swamp, Wuhan, China) according to the manufacturer's instructions.
Quantitative PCR analysis
Total RNA was extracted from the tissues and cells using TRIzol (Invitrogen, USA), following the manufacturer's directions. Subsequently, cDNA was generated using a reverse transcription kit (Takara, Japan). qPCR was performed using the SYBR green Plus reagent kit (Roche, Basel, Swiss) and 7500 Fast Real-Time PCR System (Applied Biosystems, USA). The primers used for qPCR are listed in Table 1 . The expression levels of target genes were normalized to GAPDH levels using the 2 -ΔΔCt method.
TUNEL assay
After routine deparaffinization and dehydration, the lung tissue sections were digested with 20 μg/mL proteinase K for 15 minutes. Endogenous peroxidase activity was blocked by 3% hydrogen peroxide for 5 min. RAW 264.7 cells in 6-well plates were incubated with control media or 1 μg/mL LPS for 6 h in the absence or presence of GOH (25, 50, or 100 μg/mL). TUNEL assay was performed in tissue sections and cells using a TUNEL assay kit according to the supplied protocol. Finally, the www.impactjournals.com/oncotarget samples were stained with DAPI for 30 min to evaluate the cell nucleus. DAPI stains both apoptotic and nonapoptotic cells, and the apoptotic cells were recognized with dual TUNEL and DAPI staining.
Flow cytometry
The cells at a density of 5 × 10 5 cells/well in 6-well plates were incubated with control media or 1 μg/mL LPS for 6 h in the absence or presence of GOH (25, 50, or 100 μg/mL). At the end of treatment, the cells were collected, washed three times with ice-cold PBS and subsequently treated with 100 μL of binding buffer. Next, 5 μL of Annexin V-FITC and 5 μL of PI were added and mixed, respectively; Cells were incubated in the dark at room temperature for 15 min, and then the apoptosis rate was measured using a flow cytometry (Becton-Dickinson, San Jose, CA, USA).
Transfection with siRNA
siRNA against TLR4 (si-TLR4) and its negative control (si-NC) were designed and synthesized (Shanghai R&S Biotechnology Co., Ltd., Shanghai, China). RAW 264.7 cells were plated at a density of 5 × 10 5 cells/well in 6-well plates approximately 24 h prior to transfection. The cells were transfected with 200 nM si-TLR4 or si-NC using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's instructions. After 6 h, the cells were treated with GOH (100 μg/mL) for 1 h, followed by LPS stimulation. After 6 h of incubation, cells were prepared for qPCR and western blotting.
Western blot analysis
The total protein of the cells was extracted with RIPA reagent (Biosharp, China) according to the manufacturer's recommended protocol. The protein concentration was determined by the BCA protein assay kit (Thermo Scientific, MA, USA). For western blot analysis, samples with equal amounts of protein (25 μg) were separated on 10% SDS polyacrylamide gels, were electrotransferred to polyvinylidene difluoride (PVDF) membranes, and then were blotted with primary antibody at 4 °C overnight. Next, the membranes were incubated with secondary antibody for 2 h at room temperature, and the protein expression was detected using an enhanced chemiluminescence reagent. β-actin was used as a loading control.
Immunofluorescence staining
The nuclear translocation of NF-κB p65 in RAW 264.7 cells was detected by immunofluorescence staining. RAW 264.7 cells were maintained on 12-mm polylysinecoated glass slides for 24 h and then were stimulated with 1 μg/mL LPS with or without GOH (25, 50, or 100 μg/mL) added before stimulation. The cells were fixed with 4% paraformaldehyde for 15 min, permeabilized with 0.2% Triton X-100 for 10 min and then blocked with 5% BSA for 1 h, followed by incubation with rabbit anti-NF-κB p65 antibody overnight at 4 °C. Cells were then washed and incubated with the FITC-labelled goat anti-rabbit IgG antibody for 1 h. Nuclei were stained with DAPI for 10 min, and the NF-κB p65 subunit was observed using a fluorescence microscope (Olympus, Japan).
Statistical analysis
All values are presented as the means ± S.E.M. The intergroup differences were analysed using oneway ANOVA followed by the LSD-t test for multiple comparisons. A value of p ≤ 0.05 was considered statistically significant.
